Both turgor pressure and differences in membrane tension are capable of providing an energy input into exocytosis, the process of fusion of Golgi vesicles with the cell membrane in plants. It is shown that the contribution of turgor pressure is much larger than that of membrane tension, so that the exocytotic process is not likely on thermodynamic grounds to be reversible unless another source of energy is made available. However, recycling of membrane material as flattened, empty vesicles is energetically possible and is likely to be favoured when the magnitude of membrane tension in the cell membrane is low. Thus the outward flows of membrane and cell wall material are in principle linked to turgor, whereas membrane tension influences the inward flow of membrane material.
tension in the mammalian cell membrane is relieved by the incorporation of new membrane material from vesicles within the cell, while the process can be reversed if the membrane tension in the vesicle exceeds that of the cell membrane (Dai et al. 1998; Homann 1998; Mills & Morris 1998) . These biochemical and biophysical concepts should not be seen as competing: they are no doubt each part of a wider picture and integrated in a manner that is not yet clear.
The underlying biophysics is not the same in plants as in animals. In plants, the excess osmotic pressure within the cell (turgor pressure) is carried not by the cell membrane but by the cell wall, against which the cell membrane is pressed. This allows turgor to reach high levels (> 0·5 MPa) that otherwise would burst the cell membrane. Turgor pressures of this order are required to expand the cell wall during sustained cell growth, and are an additional factor in the thermodynamics of vesicle flow in turgid plant cells. Mechanical energy is released when the vesicle contents are discharged from a region of high hydrostatic pressure (the cytoplasm) into a region of lower hydrostatic pressure (the cell wall). The energetics of exocytosis are therefore made more favourable by turgor.
The converse is also true: turgor works against endocytosis by plant cells. It has been calculated that to achieve significant rates of endocytosis against the energy barrier created by turgor, an unrealistically large part of the cell's total energy turnover would need to be diverted into this process (Cram 1980) even if the energy demand were reduced by coating the endocytotic vesicles (Raven 1987; Gradmann & Robinson 1989) . This would suggest that outward membrane flow is essentially irreversible in turgid plant cells, which is not compatible with the idea of a dynamic balance of membrane flow adjusting the total area of the cell membrane. Yet a mechanism for recycling membrane material seems essential in, for example, stomatal guard cells which undergo rapid reversible changes in volume (Homann 1998) because the capacity of the cell membrane for elastic expansion is much less than that of the cell wall (Kell & Glaser 1993) . Do plants therefore differ from animals in the mechanism by which the area of the cell membrane is controlled? It has been suggested that they do not (Carroll et al. 1998 ), but experimental evidence for balanced inward and outward membrane flow in plants
INTRODUCTION
In animal cells, there is a balance between the addition of new material to the cell membrane by fusion of vesicles, and the recycling of membrane material from the cell membrane back into the cell (Dai et al. 1997 (Dai et al. , 1998 . A similar mechanism has been suggested in plants (Kell & Glaser 1993) .The balance between outward and inward membrane flow controls the surface area of the cell membrane, must change to accommodate cell expansion or contraction and must be positive during growth of the cell (Dai et al. 1998; Homann 1998) . The way in which this dynamic balance of membrane flow is maintained has been studied from both biochemical and biophysical viewpoints.
Biochemical factors including membrane-bound annexin and syntaxin proteins, intracellular Ca 2+ and GTP have been implicated in the control of exocytosis (Carroll et al. 1998; Battey et al. 1999) and have the potential to direct where it will occur on the surface of the cell. Independently, a simple biophysical theory has emerged (Dai et al. 1997) in which exocytosis is driven by the energy released when is restricted to protoplasts, where there is no turgor (Carroll et al. 1998; Homann 1998) . Applying internal pressure to aleurone protoplasts reversibly induced their expansion by incorporation of new membrane material (Zorec & Tester 1993) , but the pressures involved were four orders of magnitude below the levels of turgor pressure normal in plant cells.
The calculations of Cram (1980) and Gradmann & Robinson (1989) concerning turgor did not take into account membrane tension, since that concept had not yet been widely applied to plants (Kell & Glaser 1993 ). Here we compare the energy contributions of turgor and membrane tension to the processes of exocytosis and endocytosis in plants, to determine whether a dynamic balance of membrane flow is indeed possible. It should be made clear that our reasoning applies only to the thermodynamics of the process, and that other factors may affect its kinetics.
THEORY The membrane tension component
The contribution from membrane tension to the energy released on fusion of a single vesicle with the cell membrane is equal to the product of the vesicle surface area and the difference in membrane tension between cell membrane and vesicle membrane:
( 1) where T C and T V are the membrane tensions of the cell and the vesicle membranes, respectively, and r is the radius of the vesicle.
Typical values of T C in plant cells are of the order of 10 -4 N m -1 (Wolfe et al. 1985) , but the magnitude of T V is less certain and presumably variable. An upper limit of about 4 ¥ 10 -3 N m -1 for T V is set by the bursting strength of typical membranes. For a given value of T C , the
maximum possible value of E M is reached when T V = 0, and depends on r, the vesicle radius, as shown in Fig. 1 . Note that the energy component associated with bending the membrane to radius r (Simson et al. 1998 ) is neglected in Equation 1.
The turgor component
The turgor energy released on vesicle fusion is given by the product of turgor pressure and vesicle volume:
where P V is the osmotic pressure within the vesicle and P W is the osmotic pressure outside the cell membrane. A possible approximation is to take (P V -P W ) as equal to the turgor pressure, i.e. to neglect any osmotic pressure difference between the inside and the outside of the vesicle while it is still within the cytoplasm. Such internal pressurization of the vesicle may in fact exist if it is distended to a sphere, like the majority of mature Golgi vesicles (Upadhyaya & Sheetz 1999) . However, even if this excess pressure exists, then, like the membrane tension, it is limited in magnitude by the bursting strength of the vesicle membrane. Figure 2 shows this relationship as a function of vesicle size. Typical Golgi vesicles are approximately 70 nm in diameter, or larger in very actively secreting cells (Gradmann & Robinson 1989; Carroll et al. 1998) . The maximum possible internal pressure is significant, especially in the smallest vesicles, but it is small compared to the normal turgor pressure of a growing cell. Measured turgor pressures in growing cells are remarkably uniform, the mean of 18 values from 10 diverse species being 0·55 MPa with a standard deviation of only 0·1 MPa. These were measured in leaves (Shackel, Matthews & Morrison 1987; Thiel, Lynch & Läuchli 1988; Thomas et al. 1989; Pollock et al. 1990; Palmer et al. 1996 Clark et al. 1996; Frensch 1997; Triboulot, Pritchard & Levy 1997) . At a turgor pressure of 0·55 MPa and the maximum value for the internal pressure of the vesicle, the energy released due to the turgor component varies with vesicle size as shown in Fig. 3 .
Relative contributions of membrane tension and turgor pressure
It is apparent from comparison of Figs 1 and 3 that the contribution of turgor to vesicle fusion energy is in general greater than that of membrane tension. This maximum energy contribution from the differential in membrane tension between vesicle and cell membrane is reached when the internal pressure (relative to the cytoplasm) and membrane tension in the vesicle are zero, because vesicle pressure decreases the energy contribution from membrane tension more steeply than it decreases the energy contribution from turgor. The relative contributions of the two effects are shown in Fig. 4 , demonstrating that E P is considerably greater than E M for vesicles of all sizes. That is, osmotic pressure rather than membrane tension is the dominant biophysical energy source for vesicle fusion in turgid plant cells.
DISCUSSION
The conclusion that turgor rather than membrane tension drives exocytosis raises the question: can the outward flow of membrane lipid through the Golgi be reversed, so that a balance is achieved? It is assumed that in animal cells this will occur if the membrane tension in the vesicle exceeds that of the cell membrane:
One possible answer lies in the assumption, inherent in Equation 3, that membrane material always forms spherical vesicles like those of the actively secreting Golgi. If
Turgor, membrane tension and exocytosis 1001 inward membrane flow is in the form of vesicles that are flat at the moment of detachment from the plant cell membrane, then their internal volume is negligible and so therefore is E P . This principle may be illustrated by examining the influence of turgor on the scheme for membrane recycling after exocytosis, suggested by Thiel & Battey (1998) : see Fig. 5 . When a fusion pore opens between the vesicle and the cell membrane, turgor pressure may be expected to flatten the vesicle and discharge its contents outside the cell. The tension in the flattened vesicle membrane will then be close to zero and the tendency will be for membrane tension in the cell membrane to draw lipid away from the vesicle. However, provided that the structure of the fusion pore is strong enough to prevent its expansion in diameter and to prevent membrane lipid from flowing past it, the flattened vesicle membrane can be nipped off and recycled without any energetic penalty arising from turgor. The strength required in the fusion pore structure to maintain its diameter, and to resist the passage of lipid, scales with the diameter of the fusion pore and is small for narrow pores. After the fusion pore has closed, the empty vesicle may or may not be refilled, by active uptake of osmolytes from the cytoplasm.
It is not clear whether any analogous process might allow the internalization of membrane material as flattened vesicles. The most that can be said is that to internalize a full vesicle as in conventional endocytosis, the energy input required is given by (E P + E M ), which increases with turgor pressure and is likely to be prohibitively high at normal turgor levels, whereas to internalize membrane material as a flattened vesicle the energy input is E M = T C 2pr 2 , a much lower figure that scales with the cell membrane tension.
This would imply that inward membrane flow or membrane recycling would be favoured at low cell membrane tension. Such coupling of inward membrane flow to cell membrane tension would provide a potential mechanism for feedback control of the expansion of the cell membrane during growth of the cell (Kell & Glaser 1993) . Expansion of the cell wall, either in growth or as an elastic response to a transient increase in turgor, would increase tension in the cell membrane and thus inhibit the inward flow of lipid from it. The result would be net accretion of membrane area in step with that of the cell wall. However, the secretion of new material into the cell wall is linked to outward, not inward, membrane flow and is thus controlled by turgor and not, or only indirectly, by membrane tension. This means that secretion of wall material will be enhanced by increasing turgor pressure, in parallel with cell wall expansion.
Membrane tension has been suggested to integrate and control a wide range of biophysical properties of animal cells (Sheetz & Dai 1996) . Plants clearly differ, but in principle cell wall extension, secretion of wall material or changes in the magnitude of turgor may also be sensed intracellularly through their effects on membrane tension and tension-transducing signal mechanisms (stretchinduced water (Soveral et al. 1997a,b) or cation channels (Yoshimura 1998; Awayda & Subramanyam 1998; Tabarean et al. 1999; Wan et al. 1999) , providing a potential basis for the integration of these effects into the biochemical mechanism of plant cell growth. 
